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Introduction
Inkjet printing is a widely used non-contact method for delivering colloidal suspensions onto substrates.
1 A uniform particle distribution in the deposit is usually desired. For example, in graphical printing, a uniform deposit requires the minimum amount of ink for a given colour density. A contact line that is pinned at a constant radius is also desirable to produce a welldefined edge to the deposit: contact lines that retract during drying often lead to irregular deposits and poorly controlled properties. Pinning is common on rough 2,3 or chemically inhomogeneous substrates, 4, 5 and for fluids containing high solid loadings.
6-8
While a uniform particle distribution is the ideal, often a ring stain is the reality. 9-13 For a sessile droplet with a contact angle less than 90
• , evaporation is greatest at the contact line. If the contact line is pinned, fluid flows towards the periphery replenishing liquid lost due to evaporation. 14 Particles inside the droplet are transported to the contact line and build up a ring stain (the "coffee ring effect"). 9 Particle migration within drying droplets can also produce a non-uniform deposit. 15, 16 A non-uniform particle distribution reduces the 2 quality of graphical printing, since the optical density varies across the deposit. Similarly, printed electronics are limited by variation of the conductivity or porosity across a printed feature. [17] [18] [19] Biological assays based on inkjet technology also need a uniform concentration of material across the deposit to be most effective.
20
A number of methods have been proposed to suppress ring stains. Mechanical methods such as selective laser sintering 21 or multiple passes of the print-head adjust the profile of the end deposit through physical addition or removal of material. Schirmer et al. filled in the ring stains using multiple droplets, each forming a smaller concentric ring stain.
22
Other methods exploit the underlying solvent properties or include additives to alter the flow pattern. Reducing the radial flow, or changing the flow pattern from radial to circulating, inhibits the formation of a ring stain by limiting the supply of colloidal material to the contact line. Radial flow has been reduced or prevented by adjustment of the solvent composition in the ink, 13, [23] [24] [25] [26] by control of the substrate temperature, 27, 28 or by a combination of flow manipulation and contact line de-pinning using electro-wetting.
29-31
Surface-tension gradients change the internal flows within drying droplets. These "Marangoni effects" produce a recirculating closed cell. [32] [33] [34] The cell transports particles away from the contact line and counteracts the build-up of a ring stain. Thermal Marangoni flows may arise on heated/cooled substrates, 27, 28 or through evaporative cooling. 32, 35 Alternatively, solutal Marangoni flows can occur in solvent mixtures, 15, 23, 36, 37 or in the presence of surfactants. 24, 38, 39 However, when the droplet becomes thin, the evaporation-driven capillary flow may overcome the Marangoni flow, producing a ring stain.
15
Increasing the viscosity of the droplet during drying is an appealing way of suppressing the ring stain. However, unless the increase in viscosity overcomes the capillary flow a ring stain will still result. The capillary number, Ca, describes the ratio of viscous effects to surface tension,
where σ is the surface tension, µ is the viscosity and v is the fluid velocity. An alternative strategy for suppressing the ring stain is to exploit the elastic (rather than the viscous) properties of complex fluids. In order to overcome the capillary flow and prevent particle motion, the elastic modulus of a viscoelastic fluid must exceed the capillary pressure (estimated by the Laplace pressure). We define a dimensionless number
as the ratio of the elastic modulus, G , to the Laplace pressure (P = 2σ/r c ) inside the droplet, where r c is the radius of curvature of the droplet. In order to resist deformation, must be at least of the order 1. For a water-based droplet with contact angle 20
• and radius 80 µm, the height, h 14 µm, and the corresponding radius of curvature, r c is 234 µm (r c =(
where h is the droplet height). Achieving =1 for a water droplet (σ=72.5 mNm −1 at 20
corresponds to an elastic modulus of G 620 Pa. Note that the capillary pressure decreases during drying (as the radius of curvature increases) so this is only an initial estimate for G .
A G value of 620 Pa is more likely to be achievable than a viscosity increase of the order of 10 6 . A phase transition is employed to achieve a sufficiently large elastic modulus when printing molten waxes or UV-cured inks.
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Alternatively, elasticity can be introduced into a viscous fluid by a "sol-gel" transition.
A sol is a stable suspension of colloidal particles in a fluid. A gel is a complex fluid/soft solid 4 that has elastic properties at rest but flows under shear. In a sol-gel transition, colloidal particles aggregate to form an elastic network that percolates through the fluid. A thermally activated sol-gel transition has previously been used to suppress radial convection. Printing onto a heated substrate (when the fluid gels upon heating 41,42 ), or printing heated droplets onto a cool substrate (when the fluid gels upon cooling 43 ) have both been demonstrated.
Radial convection is the cause of undesirable ring stains. However, if the particles do not move at all, the final deposit will be thickest at the centre and thinnest at the edge (a dome).
This profile results from the initially uniform particle distribution collapsing down as a 2D projection during drying. To produce a uniform particle distribution in the final deposit, a controlled amount of radial motion is required: too much radial flow and a ring stain forms, too little and a dome results. The necessary radial motion must therefore be switched-off after an appropriate time.
We have used dilute suspensions of laponite (a nano-particulate clay) to induce a sol-gel transition during evaporation at a constant temperature. As the laponite suspension becomes more concentrated inside a drying droplet, the elastic modulus of the suspension increases,
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forming a gel capable of resisting the capillary stresses that otherwise result in particle motion. The elasticity of the gel results from the "house of cards" structure formed by the assembly of the plate-like laponite particles with their negatively charged faces and positively charged edges into a network. Variation in the initial laponite concentration allows us to induce gelling after a controlled amount of evaporation. Thus, the extent of radial motion of the particles can be varied to control the final distribution of the deposit. The network breaks down when a shear force is applied, reducing the viscosity and allowing laponite suspensions that are highly viscous gels at low shear rates to be jetted in an inkjet print-head. The shear-thinning properties of laponite suspensions are also desirable for reducing satellites.
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As water evaporates from a droplet, the concentration of solute (e.g. laponite) within the droplet increases, but this increase is not uniform. In the absence of convection, the concentration is highest at the air-water interface, leading to the formation of a skin if 5 diffusion is too slow to redistribute the solute over the thickness of the droplet. Evaporation is fastest at the contact line where the drop is thinnest. 46 Consequently, the concentration of laponite increases from the apex to the contact line, and so gelation starts at the contact line and propagates inwards.
In this paper, we show that the sol-gel transition in laponite suspensions can be used to suppress radial flow and form a uniform deposit. We compare the behaviour of laponite suspensions with a water-soluble polymer of similar low shear viscosity (hydroxyethylcellulose) and show that laponite is more effective at suppressing ring stains.
Experimental Figure 1 . Cartoon of the experimental set-up. The set-up combines an inverted microscope with side-on shadowgraph imaging to view the internal flows and droplet profile simultaneously. Figure 1 shows the experimental set-up used to image drying picolitre droplets. Views of the side profile of the droplet and internal flows were recorded simultaneously. High-speed shadowgraph imaging was used to capture the side-profiles of the droplets with a mid-speed camera (Optronis CR450x3, frame rate 250 fps, exposure time 2 ms). A cold LED source was used for illumination (455 nm, Beaglehole Instruments) to prevent thermal gradients across the droplet. A custom-written MATLAB routine was used to extract the evaporation rate, diameter, height and contact angle of each droplet.
The internal flows inside drying droplets were recorded on an inverted microscope. Illu-6 mination was provided by a cold LED source (530 nm, Thorlabs), focused onto the substrate from above, at an angle (chosen to maximize image contrast). Polystyrene tracer particles were visualized as bright spots (from back-scattered light) on a dark field. Images were acquired using a high-speed camera (Photron APX RS, frame rate 500 fps, exposure time 100 µs, resolution 0.4 µm×0.4 µm) from below, through the substrate. Particle velocities were calculated using particle tracking velocimetry code adapted from routines developed at Georgetown University. 47 The centre of each particle was located and tracked through subsequent frames. Particle velocities were binned radially in increments of 0.1R and temporally by 0.1t dry , where R is the contact radius of the droplet and t dry is the drying time.
The drying time is defined as the time for the droplet volume to reach zero (determined by MATLAB post-processing of the shadowgraph images and confirmed by visual inspection of the inverted microscope images). The contact radius depends on the particle position if the contact area is elliptical: R is the length of the line from the centre of the droplet to the contact line, passing through the location of a given particle. The mean radial velocity (in the x-y plane), v r (t), was then found for each radial bin. The tangential velocity was negligible unless the contact line de-pinned. Contact radii were found from fitting an ellipse to the particles at the contact line.
Picolitre droplets were ejected from a Microfab (AJ-ABP-01) drop-on-demand device, with an 80-µm orifice, controlled with a Microfab driver unit (Microfab JetDrive III Controller CT-M3-02). The waveform used to eject droplets was adjusted to emit droplets with an impact velocity of 1 ms −1 without satellites. The corresponding approximate shear rate inside the nozzle can be estimated as u/R 1 ms
u is the velocity of ejection and R is the radius of the nozzle orifice. Droplets dried at an ambient temperature of 21
• C and a relative humidity of 50%.
Glass cover slips were used for the deposition due to the need for a transparent substrate.
The cover slips were used as received, or pre-cleaned with isopropanol to produce a more To determine the coverage, the images of the deposits were first converted into binary form (using a threshold grey-level just above the background value). The coverage was not sensitive to small variations in the threshold value. The ellipse enclosed by the contact line was sectioned into ten concentric ellipses of equal separation. The fractional area of coverage, φ n , where n indicates the ring number (one for the innermost ring), was determined from the number of white pixels within the annulus, divided by the total number of pixels in the annulus. The total area of coverage, φ t , is defined by the total number of white pixels divided by the total number of pixels within the ellipse fit to the deposit periphery. The normalised fractional area of coverage within ring n is then φ n, norm = φ n / φ t .
Suspensions of laponite RD (Rockwood, 30 nm long disks, 1 nm thick, according to manufacturers specification) in water (MilliQ, 0.25 µm filter) with 0%w, 1%w, 2%w and 3%w laponite content and containing 0.05%w 1-µm sterically stabilised polystyrene spheres (PEGMA-stabilised, zeta-potential −25 to −39 mV for pH 6-9, University of Leeds, UK)
were prepared for particle tracking studies. The suspension of polystyrene spheres was made first and the laponite was subsequently added. The laponite powder was fully hydrated and solutions were sonicated for 15 minutes prior to use. No large aggregates were present in the initial formulation. Samples were made fresh on the day of jetting due to the aging properties of laponite suspensions. 48 In order to study deposits from samples with a higher solid content, laponite suspensions were prepared with 1%w and 5%w 200-nm polystyrene spheres. In some 
Results and discussion
Shear rheology of formulations should be the same as if a shear rate of 10 4 s −1 was applied. For laponite concentrations 3%w, the viscosity increased monotonically until the steady-state low-shear viscosity was attained. The recovery of the viscosity was faster for suspensions containing more laponite.
For suspensions containing ≤ 5%w laponite, the network did not fully recover within the lifetime of a droplet (typically 5 s). However, there was a significant viscosity increase (of order 10 2 ) for the 5%w laponite suspension over this time period. Once the laponite concentration reaches 8%w, the suspension fully recovers within seconds (an increase by three orders of magnitude in 5 s, see Fig. 4 ). During the droplet lifetime, the increase in laponite concentration due to evaporation will therefore facilitate total recovery of the suspension network and the associated elastic properties. While the recovery of the elasticity cannot be directly measured, recovery of the shear viscosity represents the recovery of the networked structure. If the network recovers, we can infer that the elasticity recovers.
Inverted bottle experiments (Fig. 5) show a sol-gel transition between 2.8-3%w laponite.
Shear rate versus shear stress curves confirming the concentration range of the sol-gel transition are given in the Supplementary Information (Fig. S1) . At 3%w laponite, the suspension had a finite yield stress (see Table 1 ), and was a shear-thinning gel. The sol-gel transition Laponite concentration / %w Yield stress / Pa 2.8 0. For our droplets, (typical contact angle 20
• , contact radius 80µm), the initial capillary pressure is p Ca 2σ / r c 620 Pa, where σ is the surface tension of the fluid and r c is the radius of curvature of the droplet. The gradient in capillary pressure that must be overcome to prevent particle motion is lower than this value. A yield stress of 10 2 Pa is therefore required to overcome capillary flow via network elasticity (giving = 1 in equation 2). Table   1 indicates that yield stresses of this magnitude occur for laponite concentrations of ≥5%w.
In comparison, a viscosity increase of a million-fold required to overcome capillary flow could not be achieved without significant solvent evaporation and so would not be achievable early enough in the drying time to prevent a ring stain. Hence, recovery of the elasticity is the important factor. We can infer from the recovery of the shear viscosity that an 8%w laponite suspension can fully recover the networked structure and therefore the elasticity within the lifetime of the droplet.
A comparison with HEC was performed to further confirm the recovery of the laponite suspensions during drying. For HEC, the change in viscosity from high shear to low shear was less than an order of magnitude for any given concentration of the studied solutions. At low shear rates, the viscosity of HEC solutions increased by three orders of magnitude between 1%w and 5%w. At high shear rates the corresponding viscosity increase was smaller ( 10 2 ) and comparable to the increase in high-shear viscosity in laponite suspensions over the same concentration range. Thus, if the laponite network does not recover on the timescale of droplet drying, HEC and laponite may be expected to show similar drying behaviour.
If the increase in laponite concentration during the drying lifetime is sufficient for full network recovery, the suspension will show a large viscosity increase and sol-gel transition.
Once the solution becomes a gel, particle motion will be prevented, and the deposits will differ greatly from those containing HEC. Laponite was observed to cause aggregation of polystyrene latex particles. Colloidal 13 silica was added to laponite suspensions to inhibit aggregation, but silica also affected the critical strain (table 2) . Increasing the ratio of silica to laponite decreased the critical strain, indicating a reduction in the ability of the network to maintain connectivity. The yield stress and speed of the recovery of the network both increased (for a fixed laponite concentration)
as the total solid concentration increased (see Supplementary Information Fig. S10 ). The surface tension of the laponite or silica suspensions did not differ significantly from that of water (table 3) . HEC had the largest influence, lowering the surface tension to 65.4 mNm −1 . The small differences in surface tension let us conclude that the influence of laponite and silica on the capillary pressure (and on the elastic modulus required to prevent particle motion) is small.
Evaporation and gellation of printed droplets
Particle tracks (in blue) are shown in Figure 6 for an evaporating droplet of pure water, a 1%w polymer solution and two concentrations of laponite suspensions (2%w and 3%w) printed onto glass cover slips. The initial contact line is indicated by a solid black circle.
For pure water (Fig. 6a) , the tracks are purely radial until the contact line de-pins near the end of the drying time (indicated by the stationary particles in green at the right-hand side of the droplet in Fig. 6a(iii) ). Figure 7a shows the mean radial velocity of the particles as a function of radial distance from the centre of the droplet for various time periods from the end of spreading until the contact line de-pinned (data after contact line de-pinning is shown in the Supplementary Information). The mean radial velocity of the particles increased throughout drying and with increasing distance from the centre of the droplet (apart from the rim). The 1%w HEC droplet (Fig. 6b) exhibited similar flows to the water droplet, with radial flow even at 0.8t dry , by which point the mean HEC concentration had reached 5%w and the low shear viscosity had increased by more than two orders of magnitude. The HEC concentration was highest near the contact line leading to a small rim of stationary particles in the final stages of drying (green particles in Fig. 6b(iii) ). Figure 7b shows that the velocity profiles for 1%w HEC evolved similarly to pure water, with an increase in the mean radial velocity during drying. However, there was an initial decrease in the velocity at early times, potentially due to the small amount of motion in the contact line during the first time bin.
The behaviour of particles within a droplet containing laponite was very different. A droplet of 2%w laponite (Fig. 6c) initially showed radial flow throughout the droplet, before a gelling front propagated from the contact line towards the droplet centre. Particles in the gel ceased to move (green particles in Fig. 6c (ii)), while particles in the sol continued to flow radially outwards. During drying, the mean radial velocity of particles within the droplet of 2%w laponite suspension decreased as the gelling front propagated inwards, reducing velocities near the contact line at early times and closer to the centre at later times (Fig. 7c) .
Additional side images indicating the inward progression of the gelled "disk" and leaving the central sol "cap" can be found in the Supplementary Information (Fig. S7) . The deviation of the droplet profile from a spherical cap confirms that the laponite particle network recovers quickly enough for the sol to gel within the drying time of the droplet (t dry 5 s). We note that the radial motion within the sol led to a final distribution of tracer particles ( Fig.   6c (iii)) that was highly uniform. Particle distributions in dried deposits are discussed in more detail in the following section.
The final set of particle tracks, shown in Figure 6d , are for a 3%w laponite suspension, which forms a shear-thinning gel. Immediately after impact and spreading there was radial flow (Fig. 6d(i) ), but gelation rapidly spread throughout the entire droplet and halted particle motion (Fig. 6d) . The initial particle motion occurs because there is a finite recovery period after shearing of the gel in the nozzle before the laponite network reforms. We can estimate the recovery time of the gel network to be within 440 ms (0.1t dry ) from the time between droplet impact and gelation of the droplet. Figure 7d shows the radial velocity profiles for the 3%w laponite formulation, confirming the formation of a gel within 0.1t dry .
For droplets without laponite, the velocity of particles increased during drying and towards the contact line. For droplets containing laponite, the velocity of particles decreased throughout drying, as particles slowed down in the gel. Plots of how the maximum velocity varies radially and temporally are given in the Supplementary Information (Fig. S8 and Fig.   S9 ).
The droplets in Figure 6 were printed onto a cover slip as received from the supplier.
These cover slips have varying levels of chemical contamination that increases contact angle hysteresis, leading to pinning of the contact line. If the substrates are cleaned with isopropanol before use, pure water droplets quickly de-pin (Fig. 8a) . The receding contact line drags particles inward leaving an irregular and unpredictable deposit shape. The gelled rim of the laponite droplet pins the contact line throughout drying (Fig. 8b) resulting in a circular edge to the deposit with a radius defined by the initial spreading of the droplet on the substrate. As with the droplets printed on as-received glass, the width of the gelled ring grew as evaporation progressed with the freely flowing suspension restricted to a region of decreasing radius around the centre of the droplet.
In this section, we have established that laponite controls the amount of radial flow in evaporating droplets. It is the radial flow that is responsible for forming ring stain deposits in drying droplets. However, in order to form a uniform deposit rather than a dome, some radial motion is necessary. The combination of the concentration of the laponite during drying and a fast recovery time of the networked structure is essential to control the extent of radial flow. In the following section, we examine dried deposits to determine if, by using laponite to reduce the radial flow, we can control the particle distribution and eliminate ring stains. Figure 9 shows scanning electron micrographs of the dried deposits from various formulations containing 0.05%w of 1-µm tracer polystyrene spheres. From these micrographs, we calculated the fraction of the substrate covered by polystyrene spheres as a function of the radial distance from the centre of the deposit. Figure 10 plots these distributions, normalised to the average density. The laponite suspensions provided a more uniform distribution of Figure 9 . SEM images of deposits containing 0.05%w 1-µm polystyrene spheres: a) 1%w laponite, b) 2%w laponite and c) 3%w laponite, d) pure water, and e) 1%w HEC. Images show i) the whole droplet at 400× zoom (scale bar 50 µm), ii) a 2500× zoom to the contact line (scale bar 10 µm), iii) a 2500× zoom to the interior (scale bar 10 µm), iv) a 5000× magnification of the interior (scale bar 5 µm). Glass substrates were used as-received.
Distribution of tracers in dry deposit
tracer particles than either water or 1%w HEC, both of which show an increase in the particle density towards the edge of the deposit (a ring stain). The 1%w HEC solution also shows a build up of particles at the centre of the deposit. In laponite suspensions containing only a trace amount of solids, the laponite concentration made little difference to the area covered by the deposit. The 1%w, 2%w, and 3%w laponite suspensions produced a uniform density of particles across most of the deposit, except near the contact line where the particle density decreased. (Fig. 9a-c) .
Close inspection of the high resolution images (Fig. 9, column iv) show that the diameter of the polystyrene spheres deposited from 3%w laponite appears to be nearly double that in the pure water. The explanation is that during drying the nanoparticles of laponite coat the polystyrene sphere. The change in size of the spheres is less evident for the lower laponite concentrations, but the outlines of the spheres are less sharp than for the water droplet (Fig.   9d ) and the spheres blend into each other where they are in contact, owing to the laponite coating between the spheres. The HEC deposit shows a polymer coating on the spheres near to the contact line where the HEC ring stain forms (Fig. 9(eii) ).
Deposits with a high solid content
In the previous section we demonstrated that control of radial flow in laponite suspensions can lead to a uniform coverage of tracers particles in a dried deposit. We now investigate whether the same uniformity can be achieved in formulations with a higher fraction of suspended solids, for which we chose 200-nm polystyrene spheres at concentrations of 1%w and 5%w. . SEM images of deposits containing 1%w 200-nm polystyrene spheres: a) pure water, b) 1%w HEC, c) 2.8%w laponite, d) 2.5%w laponite, e) 2.0%w laponite, f) 2%w laponite with 1%w colloidal silica, and g) 3%w laponite with 1%w colloidal silica. Segments show i) the whole droplet (400× magnification, scale bar 50 µm), ii) a zoom to the contact line (2500× magnification, scale bar 10 µm) and iii) a zoom to the interior (2500× magnification, scale bar 10 µm). Substrates were as-received glass. 11a). The interferometric profile (Fig. 12a) confirmed the non-uniform thickness. As expected, due to the de-pinning, there was no significant ring structure at the contact line. For a droplet containing 1%w HEC, the deposit had a thin ring at the edge and a non-uniform radial profile (Fig 11b) . Interferometry revealed that the deposit had a raised central region as well as a ring at the contact line (Fig. 12a) . Droplets containing laponite (Fig 11c-e) produced more uniform radial particle distributions with fewer patches. The interferometry profiles show that laponite concentrations of 2.8%w and 2.5%w formed fairly flat deposits (Fig. 12b ) while the 2%w suspension had a dip at the centre, indicating that gelation took place too late in the drying process to suppress ring formation completely.
While laponite generated spatially more uniform deposits, it had the negative effect of promoting aggregation of the PS colloids during the drying process as shown by the many large aggregates in Fig 11c-e. A possible explanation is that the laponite plates with positively charged edges can bridge between negatively charged PS spheres. These large aggregates give rise to an undesirable rough texture in the deposits. In order to 22 suppress aggregation of the PS spheres induced by the laponite, we added 1%w colloidal silica to the 2%w laponite solution. The silica reduced the number of large aggregates and produced a much smoother surface texture (compare Fig. 11e and Fig. 11f ). The suspensions containing colloidal silica were less effective at suppressing the ring stain. It is possible that the lower critical strain in suspensions containing silica (table 2) reduces the ability of loose aggregates to remain connected under the gentle shear within the drying droplet. Without connectivity throughout the suspension, the elasticity cannot recover.
Consequently, particles move outwards with the radial flow and build-up a ring, similar to pinned droplets without laponite (Fig. 12b) . To increase the critical strain, we increased the laponite concentration to 3%w at fixed silica concentration and obtained a fairly uniform pancake deposit (Fig. 12b) . However, aggregates formed once again (Fig. 11g) indicating a trade-off between ring-suppression and aggregate-formation dependent on the laponite to silica ratio, which would have to be optimised in an ink formulation.
SEM micrographs of dry deposits formed from suspensions of 5%w PS spheres are shown in Figure 13 , with the azimuthally averaged height profiles shown in Figure 14 . For both pure water and 1%w HEC, the footprint of the drop was completely covered by polystyrene spheres, but there was a pronounced ring stain (Fig. 13a-b ). On addition of 2%w or 1%w laponite, the deposit had a domed morphology with large aggregates (Fig. 13c) or cracking near the periphery (Fig. 13d) . The sol-gel transition occurred too quickly to allow sufficient radial motion of the polystyrene particles. The vertical profile of the deposit was then thicker where the droplet was highest. The presence of a high concentration of PS nanospheres appears to reduce the amount of laponite needed to form a gel. Reducing the laponite concentration to 0.8%w delayed gelation and yielded a fairly flat pancake. However, the presence of large aggregates resulted in uneven deposition and a rough surface texture (Fig. 13e) . Further addition of 1%w of colloidal silica reduced the peripheral cracking in the 1%w laponite droplet (Fig. 13g ) and the number of aggregates in the 0.8%w laponite deposit (Fig. 13h) , though aggregates still remained in the 2%w laponite droplet (Fig. 13f) . Figure 14 . Azimuthally averaged height profiles taken on a white light interferometer, for deposits of water droplets containing 5%w 200-nm polystyrene spheres and either HEC or various concentrations of laponite and colloidal silica. The deposit height, z, at a radius, r, from the deposit centre shown, where the radius is normalised by the maximum radius of the deposit, R.
The networking properties of the laponite/colloidal silica mixtures will depend on the ratio of laponite to colloidal silica and the gelation point also depends on the total solid volume fraction (including the polystyrene spheres). We have not attempted to optimise this formulation, but the flatness and uniformity of the profile formed from the 1%w laponite droplet containing 1%w colloidal silica is already very encouraging.
Conclusions
Formulation of colloidal suspensions for inkjet printing is a complex problem that involves balancing the competing requirements of the fluid. The formulation must be stable during storage, jettable from an inkjet printhead, and it must dry on the substrate to give the desired morphology of the deposit. This paper has focused on the last of these problems, and specifically on counteracting the "ring stains" that arise from convective flow towards a pinned contact line. The capillary numbers in inkjet printed droplets are exceedingly low ( 10 −6 ), and an increase in viscosity alone during drying was inadequate to prevent the formation of a ring stain.
Fluids that undergo a sol−gel transition as the concentration of the structuring agent 25 increases generate elasticity in the fluid. If the yield stress of the fluid exceeds the capillary pressure, then the convective flow to the contact line (which generates the ring stain) may be stemmed. We have shown that an evaporation-driven sol−gel transition in laponite suspensions can be used to control the morphology of a deposit for a model colloidal suspension (comprising sterically stabilised latex spheres). The enhanced evaporation rate near the contact line causes the droplet to gel first at its rim, with the gelled region progressing inwards to the centre of the droplet. By controlling the laponite concentration, and hence the timing of the gelling, we can dictate the amount of radial flow required to generate a uniform deposit: too little radial flow and a domed structure forms, too much and a ring stain is produced.
The non-Newtonian rheology of the fluid is an essential component in the formulation.
To be stable during storage, we require the initial suspension to have a yield stress, which arises from the network formed between the nanoparticulate plates of the clay. Under the high shear of the inkjet nozzle, the network breaks down and the fluid shear thins such that its Ohnesorge number is within the compatible range of the inkjet printhead. The finite time taken to rebuild the laponite network is also important: if the network rebuilds too quickly, the droplet will gel before it begins to dry and a domed deposit will result; if it is too slow the droplet will gel too late in the drying process, after the ring stain has begun to form.
The recovery time of the network decreases as the laponite concentration increases, and it is the balance of the increasing concentration of laponite during drying and the corresponding decrease in the recovery time that provides the necessary control over the gelling of the droplet.
The presence of laponite in the formulation had a further benefit of pinning the contact line throughout drying and enabling the formation of a circular deposit of well-defined diameter.
The addition of a new component to a formulation can have undesirable side-effects.
In this case, we found that laponite was prone to induce aggregation of the latex spheres.
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Colloidal silica was found to be a suitable additive for reducing large scale aggregation and providing a smoother surface texture to deposits. However, the colloidal silica reduced the critical strain of the laponite suspensions, which favoured the formation of ring staining. A careful balance of the silica to laponite ratio was needed to ensure a flat deposit profile with reduced aggregation and a smooth surface texture, while maintaining suitable rheological properties for storage and jetting.
